In this paper, the properties of AE signals originating from phenomena occurring during magnetization of ferromagnetic materials which are used to construct power transformer cores are presented. The AE signals in a selected power oil transformer were recorded and analyzed. The analysis included, i.e., time, frequency, and time-frequency analyses, calculations of amplitude distributions of the signals and defined AE descriptors, determination of the descriptor map on the side walls of transformers, as well as a detailed analysis of selected part of the signals.
Magnetic phenomena in ferromagnetic materials
Phenomena in ferromagnetic materials are one of the sources of acoustic signals in power oil transformers. During the magnetization of ferromagnetic materials which are used to construct transformer core laminations, there occurs the reversible movement of domain boundaries (the so-called Bloch walls), irreversible movement of domain boundaries (Barkhausen effect), and rotation of magnetization vectors in the direction of the external magnetic field. Within these processes, there occur processes of creation of domain boundaries, movement of these boundaries, and their annihilation.
The Barkhausen jump results in (i) the generation of an electromagnetic wave (Barkhausen field effect -HEB), (ii) a local change of the magnetization and defects in the crystal lattice and (iii) the generation of an acoustic wave (magnetoacoustic emission effect).
The phenomenon of magnetoacoustic emission (MAE) consists in generating a sound wave by a jump motion of a 90
• domain wall in a material with nonzero magnetostriction (Augustyniak, 1999) . A MAE signal depends not only on the microstructure, stresses or the magnetization frequency, but also on the geometry of the sample and its demagnetization. MAE has a relatively short history. It was first reported by A.E. Lord in the middle 1970-s (Lord,1975) . He called that effect "the acoustic Barkhausen effect" by analogy with "the classic Barkhausen effect". Elastic waves generated during MAE are caused by changes in magnetostrictive stresses during the magnetization process. The rate of changes of magnetostrictive stresses is one of more important factors affecting magnetoacoustic emission. It depends on: (i) magnetostrictive properties of the material, (ii) the value of magnetic flux density B inside the material and (iii) the rate of magnetic flux density change dB/ dt (Edwards, Palmer, 1987) .
M. Guyot and V. Cagan (1993) indicate the presence of two MAE emission maxima. The first one occurs immediately after changing the direction of magnetization and is associated with the creation of domain boundaries. The second one is connected with the movement and annihilation of all domain bound-aries. The MAE minimum is in the vicinity of coercive point H C . Deheng et al. (1988) show that the main frequency band for the magnetoacoustic emission phenomenon in investigations of transformers is 20-65 kHz, whereas the total band for the phenomena associated with the magnetization of transformer core sheets (HEB + MAE) is 10-65 kHz. Howells et al. (Howells, Norton, 1978) determine the frequency range of magnetic noise as 30-60 kHz. In (Bengtsson et al., 1997) , extend the band of signals associated with noises in the core up to 80 kHz. From (Piotrowski et al., 2012) it follows that the MAE signal spectrum for steel can reach up to 300 kHz.
Research method
To record AE signals in the investigated power oil transformer, the author's measuring system EA DEMA-COMP (Witos, 2008) has been used. It can be used both for research conducted in a laboratory and measurements taken during normal operation of power transformers. Figure 1 shows a general view of the measuring system. AE signals recorded by the measuring system are analyzed by the author's system for AE signal analysis (Witos, 2008 Figure 2 presents example characteristics belonging to the basic description of the AE signal recorded in the power oil transformer.
Time waveforms of AE signal (Fig. 2a) are subjected to multiple analysis in discrimination threshold (U ). The result of these analyzes are amplitude distributions of: AE count rate, signal power, and AE normalised activity of counts.
Properties of amplitude distributions of AE (made in logarithmic scale) can be described by means of specially defined AE descriptors. The descriptors were defined as follows. At first, one should mark a fragment of an amplitude distribution curve which corresponds to the range of the discrimination threshold (U d , U g ); value of U d is determined by the minimum of amplitude distribution derivative against the discrimination threshold, whereas U g is 90% of the maximal value of the recorded signal. The determined fragment of the curve is approximated by a straight Figure 3 shows the example amplitude distributions of the count rate calculated in the framework of the advanced analysis (Figs. 3a, c) , derivatives of these distributions with respect to the threshold of discrimination (Fig. 3b) , and corresponding values of the ADC descriptor (Fig. 3d) for two families of AE signalsthose coming from sources of partial discharges (PDs) (Fig. 3c , signals 1-5) and the noises associated with the measuring channel ( ence voltage are additionally analyzed. An exemplary analysis of the part of the recorded AE signal is shown in Fig. 5 . In the analysis, there is selected part of the whole recorded signal of the duration equal to one period of the reference voltage. This part is filtrated in a selected frequency band, and then there are separated single structures from the signal (Fig. 5a ) for which the duration and frequency characteristic are determined (Fig. 5b ).
3. Identification and properties of AE signals coming from phenomena occurring during magnetization of a power oil transformer core
Identification of AE signals coming from the phenomena occurring during the magnetization of ferromagnetic materials will be presented based on the analysis of the AE signals recorded in the investigated power transformer with a ratio of 110/20/6 kV and rated power of 25 MVA. The transformer has been operating faultlessly for the whole operating life.
Due to the fact that the lower limit of frequency range of the measuring system used in the research equals 20 kHz, the analysis will be carried out in the range of 20-70 kHz.
On the map of the ADC descriptor in the band of 20-70 kHz (Fig. 6a) , the areas of the greatest intensity of the AE signals were determined provided that the corresponding with them descriptor values in the range of 110-200 kHz were small. These areas determine the places in which MAE signals are dominant in the recorded signals. To identify the AE signals coming The selected measurement points lie on the two side walls of the transformer around one of transformer's core. The basic characteristics for the AE signal recorded at the measurement point PA032 (area a) in the band of 20-70 kHz are presented in Fig. 7 . The properties of the recorded signal are as follows: the signal is periodic; it has the dominant frequency band of 20-40 kHz; in each period of the supply voltage, large signal values are arranged in wide "corridors" (Fig. 7c) ; on the averaged phase characteristics (Fig. 7b) the averaged values calculated for these corridors can be seen and, depending on the choice of the discrimination threshold value, there are two or four ranges of the reference voltage phases for which the MAE signals are recorded. On the averaged phase characteristics (Fig. 7b ) and averaged spectrogram (Figs. 7d and e) the asymmetry of the values and shape of the characteristics both for two and four corridors can be seen. When selecting the value of the discrimination threshold as 500 mV, one can see in Fig. 7b Increase in the value of the discrimination threshold to approx. 600-700 mV results in distinguishing four ranges of reference voltage phases for which MAE signals are recorded. Two of them are within the phase range of (40
• , 135 • ) and two others are within the second phase range, namely (225
. Such a location of ranges is associated with the respective parts of the magnetic hysteresis loop. Distinguishing two ranges determines the reference voltage phases for which the magnetic field takes the appropriate positive or negative values. Further division into four ranges corresponds to four parts of the magnetic hysteresis loop for which the magnetic field values increase and decrease within each of the two pre-determined ranges. Four ranges can be observed when the magnetoacoustic emission has one local maximum for each of the four parts of the hysteresis loop.
Additionally, the analysis of selected parts of the 20-ms signal was performed. The analyzed part of the AE signal was filtered in different frequency bands. Figure 8 shows the results of that analysis for selected frequency ranges. After filtration in the band of 20-70 kHz, one can distinguish two wide ranges (1-7 ms and 11-17 ms) in which the analyzed signal has larger values (Fig. 8a) . Taking into account the fact that the AE signals recorded at that measurement point had the dominant frequency band of 20-40 kHz, those signals were next filtered in the band of 40-70 kHz. Filtration of signals in that frequency range allowed distinguishing several single structures of duration equal to approx. 150-300 µs (Fig. 8b) .
At this stage of the analysis, it can be noted that the MAE signals recorded at the measurement point have the following characteristic features:
• they occur within wide ranges of phases, To better characterize the discussed phenomena, the AE signals recorded at measurement points PA02y (y = 1, 2, . . . , 6 -numbering from bottom of the transformer) were analyzed. These points are evenly distributed along one vertical line on the transformer tank.
The exact coordinates of the measurement points PA02y are given in Table 1 , column 2. This table contains the average values and mean standard deviations of the selected descriptors (ADP, ADC, ADNC, U max − min and U rms ) for the signals recorded at the measurement points belonging to the family PA02y. The results shown in Table 1 are also presented in the graphical form in Fig. 9 . Figure 9 can be seen as the classification of the AE signal registered at measurement points belonging to the family PA02y made with the use of the two types of descriptors based on: the values measured directly (U max − min and U rms ), the physical phenomena (ADC, ADP and ADNC). A great similarity of both types of classification can be noted. For both types of descriptors minima of histograms occur for the values at the point of PA024, whereas in extreme points PA021 and PA026 descriptor values belong to the set of the largest values. A more detailed analysis shows the differences between the classifications and this conclusion indicates further possibilities of correlation between the descriptors from ADC, APD and ADNC groups and the physical phenomena.
Basic characteristics were calculated for all the AE signals recorded at the measurement points belonging to the PA02y family. These characteristics for the signals recorded at the measurement points PA024 and PA026 (area b) in the band 20-70 kHz are presented in Figs. 10 and 11 . Points PA024 and PA026 were chosen as representative of the histogram in Fig. 9 . The values of descriptors for signals recorded in these measurement points are respectively the minimum values or belonging to a set of greatest values.
The properties of these signals are similar to those of the AE signal recorded at the point PA032: the The analysis of the properties of the averaged phase characteristics (Figs. 12a and b) when distinguishing two ranges of phases of the reference voltage shows for each range a fast increase in the values at the beginning of the range and significantly slower decrease of the signal at the end of the range. In addition, when analyzing the signal in the band of 20-70 kHz it can be noted that the first maximum values in the first of the two distinguished ranges are larger than the first maximum values in the second range; such a regularity does not occur when analyzing the signal in the band of 40-70 kHz.
In a more detailed analysis which leads to separation of individual curves within each range (obtained from distinguishing two ranges), one should first designate the envelope and then see this envelope as a superposition of two or three Gaussiantype curves. With this approach, in each of the range there can be seen one Gaussian-type curve in the initial part of the range and one or two such curves in the further part of the range. Location of the maxima and the values of the maxima of these component curves give summary curves of different shapes with one or many maxima. With this approach, the curve of Fig. 12a for the point PA021 although having one maximum in the range, consists of at least two Gaussian-type curves, the second of which has a much lower amplitude than the first one. It follows from the asymmetric shape of this curve. This explanation allows to see that for the average characteristics of phase (Fig. 12) there are two fragments within curve containing two maxima separated by a relative minimum. These fragments correspond to the increase and decrease of the magnetic field, the min- ima occur around the coercive field (Guyot, Cagan, 1993) . A detailed analysis of the positions of the minimum in Fig. 12a . These values define, therefore, the phase for the coercive field of studies. It is worth emphasizing that the phases shown in the diagrams describe the phases of the power supply used in the measurement system and do not specify the phase current flowing in the winding, which induces magnetic flux in the tested core.
Quantitative differences and qualitative differences in the shapes of the curves of the individual graphs in Fig. 12 contain information about the local magnetic properties of the tested materials.
A similar analysis can be performed for STFT spectrograms shown in Fig. 13 . The higher sensitivity STFT spectrograms as compared to the averaged characteristics of the phase is visible.
Such an approach to the averaged phase characteristics of Figs. 12 and 13 allows concluding that the magnetoacoustic emission:
• distinguishes between the processes of magnetization and demagnetization, • distinguishes between the processes of magnetization and demagnetization at positive and negative values of the magnetic field, • shows the local properties of transformer core sheets.
To further characterize the AE signals coming from the phenomena occurring during magnetization of ferromagnetic materials, the analysis of the signals after filtration in the bands of 70-100 kHz and 100-200 kHz was conducted. From calculations, i.a., ADC and ADP descriptors values (Table 2 and Fig. 14) and averaged phase characteristics and STFT spectrograms -some of them are presented in Figs. 15 and 16 -were obtained. The AE signals coming from these phenomena may have components outside the band 20-70 kHz. For the STFT spectrograms calculated after filtration in the band of 70-100 kHz (Fig. 15a) , the range of dominant frequencies extends up to 80-90 kHz. At some measurement points, the recorded signals have components also in the higher bands (Fig. 15b) . Participation of signal harmonics in the band of 100-200 kHz, however, gets smaller and smaller. The low level of the advancement degree of AE signals in the band of 100-200 kHz is confirmed by the ADC descriptor values calculated for the signals recorded at particular measurement points belonging to the family PA02y (Table 2 ). For the measurement points for which the maximum values of the amplitudes in the lower frequency bands were smaller (measurement points PA022, PA023, PA024), the signal amplitude in the range of 100-200 kHz approaches the noise level of the measuring instruments. From the conducted analyses it follows that the main band for the phenomena associated with magnetization of ferromagnetic materials can be extended up to 90 kHz.
The analysis of the selected parts of the signals of 20 ms duration recorded at particular measurement points was also performed. The analysis results for the signals recorded at the measurement points PA021 and PA026 and the frequency band of 40-70 kHz are presented in Fig. 17 . In both signals, the structures of duration of approx. 150-250 µs each were distinguished. 
Conclusion
The analysis of the AE signals coming from the phenomena associated with magnetization of ferromagnetic materials enabled drawing the precise conclusions concerning the following properties of magnetoacoustic signals:
• the main band for the phenomena associated with magnetization of ferromagnetic materials is 20-90 kHz with the dominant harmonics of 20-40 kHz,
• AE signals are recorded in wide ranges of phases,
• single MAE signals (if distinguishable) have durations of approx. 150-300 µs.
The research results confirm that the magnetoacoustic emission:
• distinguishes between the processes of magnetization and demagnetization,
• distinguishes between the processes of magnetization and demagnetization at positive and negative values of the magnetic field,
• shows the local properties of transformer core sheets.
